Friction stir welding was used to produce butt joints on 6 mm thick plates of UNS S32101 lean duplex stainless steel, S32205 duplex stainless steel, and S32750 and S32760 superduplex stainless steels. Fully consolidated joints were achieved, with full penetration, using heat input of 1.37-1.50 kJ/mm. Specimens submitted to tensile testing performed perpendicular to the welding direction showed failure on the base metal, reflecting better mechanical performance of the welded joints. Furthermore, tensile testing along the joints revealed higher yield and tensile strengths in all cases, as well as increased elongation. Microstructural evaluation showed that there was pronounced grain refinement in the welded joints of all the materials studied, achieving grain sizes as small as 1 µm. The differences in the ferrite and austenite grain sizes in the stir zone, such as the degree of grain refinement, could be explained by the combination of dynamic recrystallization of austenite during the welding process and the recrystallization and growth of the ferrite grains, promoted firstly by the severe deformation and secondly by the high temperature inherent to the FSW process. Superduplex stainless steel FSW joints were more able to maintain a balanced microstructure, compared to conventional and lean duplex stainless steels, due to greater homogeneity of recrystallization in the welded joint.
Introduction
Lean (LDSS), conventional (DSS) and superduplex (SDSS) stainless steel grades have often been adopted in offshore structures in preference to carbon or other stainless steels. The chemical composition of these materials provides them with a high level of resistance to localized corrosion (especially pitting) in salt water environments, as well as good mechanical strength and ductility 1 . DSS and SDSS have replaced austenitic stainless steel (ASS) in many applications where stress corrosion cracking and pitting corrosion are concerns, although ASS continues to be studied, due to its good formability 2, 3 . Other benefits are the ability of some duplex grades to be used at sub-zero temperatures, together with resistance to stress corrosion cracking [4] [5] [6] . This is achieved due to the balanced ferritic-austenitic fine-grain microstructure and the high proportion of alloying elements 7 . The UNS S32205 standard DSS was developed to compete with austenitic grade AISI 304L in terms of corrosion resistance, but with better mechanical performance. Continuous modifications have been made to improve corrosion resistance, formability, and weldability, such as the addition of nitrogen to enhance pitting corrosion resistance and weldability 8, 9 . It has been reported that this steel still accounts for over 70% of duplex grade deliveries 10 . SDSS grades were developed for more aggressive environments, competing with superaustenitic stainless steels and nickel alloys. The high corrosion resistance of these alloys is due to high molybdenum (Mo) and nitrogen contents. The addition of Mo improves the localized corrosion resistance of DSS. However, it is known that Mo favors sigma phase precipitation [11] [12] [13] [14] [15] , which impairs the toughness and corrosion resistance of the material. Lean duplex stainless steel (LDSS) grades have lower nickel and molybdenum contents, which are balanced by increases in manganese and nitrogen. Their development is intended to lower the dependency on alloying elements, especially nickel and molybdenum, whose prices can fluctuate widely. LDSS has been used to replace the 304 and 316 steel grades in applications such as the construction of pressure vessels, bridges, and storage tanks [16] [17] [18] . During fusion welding, the thermal inputs and associated solidification destroy the favorable duplex microstructure of these stainless steels. In addition, precipitation of detrimental phases and coarsening of ferrite grains can take place. Friction stir welding (FSW) is a solid-state joining process that offers a number of advantages over conventional fusion welding techniques for joining DSS. For example, it enables elimination of several problems associated with fusion and solidification, such as high distortion, solidification cracking, and elevated porosity [19] [20] [21] [22] [23] . It has been widely reported that several zones can be formed during FSW [24] [25] [26] [27] . These are the stir zone (SZ), the thermo-mechanically affected zone (TMAZ), the heat-affected zone (HAZ), and the base metal (BM). Due to the material flow asymmetry inherent in FSW, the advancing (AS) and retreating (RS) sides undergo different thermo-mechanical histories. Figure 1 shows a schematic drawing of FSW with all the zones mentioned above. DSS 28 and SDSS 29 do not show HAZs on both sides (AS and RS) of the welded joint. The formation of different regions and the presence of several metallographic phases cause variations in the mechanical and microstructural properties of the metal, which makes it necessary to determine whether such features are improved or worsened. Due to concern about the effects of microstructural changes, criteria have been developed for the identification of FSW joints whose characteristics are unsuitable for industrial application and should be discarded.
The aim of this work is to identify appropriate welding conditions for obtaining consolidated full penetration welding joints, considering the microstructural characteristics and mechanical performance of UNS S32101 LDSS, UNS S32205 DSS, and UNS S32750 and S32760 SDSS.
Experimental procedure
The chemical compositions (Table 1 ) and the mechanical properties of the base materials were provided by the steel producers: Outokumpu (UNS S32101 and S32750); Weir Materials (UNS S32760); and Aperam (UNS S32205). Chromium/nickel equivalent ratios were calculated using WRC-1992 diagrams, according to equations (1) and (2):
Cr eq = Cr + Mo + 0.7×Nb (1) Ni eq = Ni + 35×C + 20×N + 0.25×Cu (2) Butt joints were made using a dedicated Transformation Technologies, Inc. (TTI) FSW machine, which enables position and force control during welding. Plates (500 mm × 180 mm × 6.0 mm) were friction stir welded using an untilted composite tool consisting of polycrystalline cubic boron nitride in a metallic matrix of 40 vol.% W-Re (PCBN-40% W-Re), with 25.0 and 8.0 mm shoulder and pin diameters, respectively, 6.0 mm pin length, and axial load (in the welding direction) of 15 kN.
The FSW processes were performed at the Brazilian Nanotechnology National Laboratory (LNNano)/CNPEM, using a specially developed backing plate to support the axial forces generated during welding, ensuring the consistent production of full penetration joints. This backing plate has been described previously 29 . The welding process was developed in two stages: preliminary and final joining. Preliminary welding parameters were chosen based on the work of Steel and Sterling 30 , using S32205 DSS friction stir welds with thickness of 5 mm. The welded joints were obtained using tool position control, with axial force ranging from 18 to 40 kN. Metallographic preparation and dry penetrant inspection of these joints were carried out, together with bending tests, in order to assess the presence of defects and obtain insights into the welded joints. The welding parameters that produced sound and full penetration joints were replicated for the final joints. Additionally, selection of the final parameters was based on the behavior of the tool during the welding process, as well as the surface appearance of the welded joints. During FSW, depending on the conditions employed, the tool may show cracks for low heat inputs and abrasion for high heat inputs. Here, it was found that above 500 rpm, the tool showed substantial abrasion, while below 100 rpm, the lateral forces were higher than 15 kN and the likelihood of breaking the tool increased drastically. Two sets of parameters were selected for performing the final joints: one to produce low heat input, and another to evaluate high heat input. Before obtaining the final condition, the heat input was changed by modifying the rotation and welding speeds, as well as the axial force, in order to keep the forces in the welding direction at or below 10 kN. This ensured the safety of the tool and extended its life to the entire duration of the stage of selection of the welding parameters. The preliminary and final welding parameters are shown in Table 2 . An argon atmosphere was used to avoid oxide formation on the tool during the welding procedure. The heat inputs of the final joints were calculated according to the equation (3) 31 , where HI is the heat input (kJ/mm), T is the spindle torque recorded by the FSW machine (N.m), ω is the spindle speed (rpm), and ν is the welding speed (mm/min):
In the preliminary and final joints, the root of the joint was submitted to liquid penetrant testing to evaluate complete joint penetration. Dye penetration inspections were performed using a commercial penetrant liquid, in accordance with the manufacturer's instructions and the ASTM standard 32 , employing the following steps: cleaning, application of red dye penetrant, removal of excess penetrant, application of developer, examination, and post-cleaning. Transverse and longitudinal tensile tests and bending tests, employing rectangular specimens, were performed on the welded joints according to ASTM A370/E8, AWS B4.0.92 33 , and AWS B4.0.92, respectively.
The volume fractions of ferrite were determined by digital image analysis using ImageJ software. Ferrite grain size was measured by manual intercept counting, employing a superimposed circle of known perimeter, in accordance with ASTM E-112 34 . Statistical treatment of the grain size and volume fraction data considered a confidence interval of 95%. An optical microscope and JSM 5900LV and Supra-55VP scanning electron microscopes were used for the metallographic analyses.
Results and Discussion

Joining process and obtaining consolidated full penetration welded joints
Two different grades of DSS and SDSS were tested using different FSW parameters (from this point onwards, LDSS will also be referred to as DSS). Welding parameters were evaluated in two steps: Preliminary and final tests, as described in the two following paragraphs.
Preliminary FSW tests were performed in position control mode to determine the best tool penetration to provide sound welds, a satisfactory surface finish, and reasonable axial and transverse forces. The initial tests were performed on grade S32760. The range of initial parameters was reduced to a set of two: parameters that provided a low or high heat input (HI) ( Table 2 ). Equation 3 was used to calculate the HI. Other empirical relationships between the welding variables (inputs) and the instrumental outputs were used to develop the expression proposed here for the FSW heat input. Firstly, the pseudo heat index (PHI) and the advance per revolution (APR) index were used. However, according to studies performed by Wei and Nelson 31 , the heat input (HI) approach provides better correlation between post-weld microstructures and process variables in HSLA-65 steel systems.
The final welds were performed using downward force control mode, as indicated in Table 2 . Figure 2a shows the FSW process being performed, with achievement of a good DSS surface finish ( Figure 2b ). Excellent surface quality was obtained for the weld face ( Figure 2c ) and the weld root (Figure 2d ), considering that no cleaning was performed after welding. The average roughness values (Table 3) corroborated the good surface aspects. A cross section of FS welded UNS 32760 is shown in Figure 3 , together with the different microstructural zones identified. Voids were observed on the advancing side of the joint when welding was performed at 450 rpm and 60 mm/min, which was related to the low flow of plasticized metal. According to Mishra and Mahoney 21 and Kim et al. 35 , this could be attributed to insufficient heat input (0.89 kJ/mm). Rajakumar et al. 36 showed that the presence of wormholes on the advancing side of the welded joint can be caused by a lack of flow due to low heat input during the process. The lower axial force, combined with higher spindle speed and lower transverse speed, resulted in lower torque on the welded joint, in agreement with lower heat input ( Table 2 ). According to Equation 3 , the heat input should increase with higher spindle speed and lower transverse speed 37, 38 . However, it is necessary to consider the influence of torque, which is governed by the flow characteristics of the material and the spindle speed. Greater heat input increases the fluidity of the metal, allowing it to completely fill the joint, hence obtaining a sound welded joint. In this work, consolidated joints were observed at 200 rpm and 100 mm/min (1.37-1.50 kJ/mm) ( Table 2) .
In addition to rotation and welding speeds, used as heat input control parameters, Kumar and Kailas 39 showed the influence of the axial force in the contact area between the tool and the workpiece, and consequently of the heat generated during welding. In the current work, the increase of HI, at reduced spindle speed and increased welding speed, was due to the effect of the axial load, which changed from 22 to 37 kN (Table 2) , increasing the contact area between tool and joint. Hence, the insufficient heat input observed using the former parameters could be attributed to lower axial force, because higher spindle speeds are expected to increase the HI.
Macrographs of the welded joints obtained using HI of 1.38 kJ/mm are shown in Figure 4 . The cross sections 
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showed consolidated joints with full penetration. Figure 5a shows the faces of FSW joints for the S32101, S32750, and S32760 samples, which presented excellent surface quality. Liquid penetrant testing of these plates confirmed the full penetration of the joints (Figure 5b ). The purpose of dye penetration inspection was to reject samples that showed discontinuities such as opened weld roots, cracks, and porosity, prior to the bending test. Nevertheless, it is important to point out that certain FSW defects, such as joint line remnants, cannot be observed by this method.
The evolution of downward force (F z ), force in the welding direction (F x ), and tool temperature was followed during welding ( Figure 6 ). The tool temperature was measured by a thermocouple positioned in the tool shoulder. This thermocouple did not provide the exact tool temperature at the interface with the processing material within the stir zone. However, due to the high thermal conductivity of PCBN, it provided comparative values for different welding parameters and final microstructures 40, 41 .The thermocouples in the tool reached temperatures that were not higher than 860 ºC. The force in the welding direction did not exceed 10 kN at any time during welding (Table 2) , which reduced the likelihood of breaking the tool (which had a maximum load capacity of approximately 15 kN, according to the manufacturer).
Data extracted from Figure 6 are summarized in Table 4 . The FSW machine was able to maintain the same downward force for all the systems studied. Due to the higher recrystallization potential of SDSS (S32750 and S32760), compared to DSS (S32101 and S32205), the SDSS samples seemed to be more deformable during FSW. This is a direct consequence of DSS being more prone to strain hardening at high temperatures, compared to SDSS, which undergoes dynamic recrystallization (DRX) more easily. During welding, this is reflected in higher torque when processing DSS. Since the temperature in the welded region is strongly related to adiabatic heating due to deformation, the DSS plates showed higher temperatures, compared to the SDSS samples. Since higher temperatures cause a higher degree of plasticization in the material, the forces in the welding direction were lower for DSS than for SDSS.
Microstructural characterization
The base metal (BM) microstructures of all the samples in three directions are shown in Figure 7 . These steels are frequently submitted to cross rolling in the first steps of rolling in order to minimize anisotropy in the finished product. During cross rolling, the plate is repeatedly turned by 90° after each deformation step, giving the plates a more uniform microstructure and homogeneous properties in both longitudinal and transverse directions.
Although both directions can be called rolling directions, this work adopted the longitudinal direction or last pass of rolling as the rolling direction. The BM microstructure consisted of austenite islands in a ferrite matrix, with ferrite/austenite ratios of around 50:50 for all samples ( Table 5 ). The grain size measured in the normal direction (ND) was between 11 and 13 µm for ferrite and between 8.5 and 11 µm for austenite ( Table 6 ). The microstructural characteristics along the ND of materials submitted to cross rolling were quite different from the other directions (transverse and rolling directions). For improved stereological analysis, the thicknesses of the lamellae were measured in the transverse and rolling directions. No significant differences were noticed between these directions. The average measured thicknesses of the lamellae therefore applied to both directions, and were between 4.5 and 6.5 µm in the base metals.
All the final welded joints showed a 17 mm bead width, and the use of suitable parameters resulted in consolidated joints with full penetration. To achieve satisfactory final joints, tool penetration was an important parameter that affected the heat input, at constant spindle and welding speeds. The cross (1) Note: For BM*, the thickness of the lamellae was measured perpendicular to the rolling direction. sections of the friction stir welded joints were similar for all the samples; examination of the microstructure is illustrated in Figure 8 for the UNS S32750 FSW joint, indicating the different microstructural zones. The combined thermal and mechanical effects in the TMAZ produced a characteristic microstructure, with the material flow lines visible in Figure 8a . The stir zone (SZ) showed equiaxed grains with severely reduced sizes, which changed from 11 and 9 μm in the base metal, to 3.1 and 1.3 μm, for ferrite and austenite, respectively, indicating that dynamic recrystallization occurred during FSW (Figure 8b ). The stir zone on the advancing side (SZ-AS) showed clear size reductions for both phases, up to 1.7 and 1.1 μm (Figure 8c) , indicating the occurrence of a more severe strain process. The interface between the SZ and the TMAZ, on the advancing side (Figure 8d ), showed the flow of both phases, but only the ferrite grains seemed to show signs of a recovery mechanism, resulting from the formation of subgrains, which is the early stage of dynamic recrystallization. Due to the higher stacking fault energy (SFE) of ferrite, it tends to undergo dynamic recovery (DRV), while austenite, with lower SFE, is more prone to dynamic recrystallization (DRX). In both phases, severe deformation promotes the activation of different recrystallization mechanisms: discontinuous dynamic recrystallization (DDRX) and continuous dynamic recrystallization (CDRX) 42, 43 . DDRX, promoted by the austenite, follows classical DRX, with two stages of nucleation and the growth of a sub-grain structure by the continuous accumulation of dislocations. CDRX, produced in ferrite, is generated by the progressive rotation of a cell arranged in the strain structure and the continuous absorption of dislocation by the cell walls. Finally, the TMAZ-AS (Figure 8e ) presented few indications of strain, as well as evidence of the activation of a recovery mechanism. Figure 9 shows the SZ-RS and SZ-AS, illustrating the differences in grain size of the ferrite and austenite. In the microstructure of the SZ-RS (Figure 9a) , the grains of austenite were finer than the ferrite grains ( Table 6 ).
This size difference was explained by Sato et al. 22 as due to the constant dynamic recrystallization of austenite during the strain, together with the recrystallization and growth of the ferrite grains. On the other hand, the microstructure of the SZ-AS (Figure 9b ) presented equiaxed fine grains, indicating that there had been dynamic recrystallization of both phases, as described previously [44] [45] [46] . Figure 10 shows the stir zones of the steels studied in this work: UNS S32101 (a), S32205 (b), S32750 (c), and 
S32760 (d).
All the samples exhibited the same microstructural characteristics, with approximately the same austenitic and ferritic grain sizes, and subtle differences of ferrite volume fraction. The austenitic grain size in the SZ of all samples was between 1.0 and 1.3 µm (Table 6 ). The ferrite volume fraction was higher for DSS, compared to SDSS, which was probably related to the fact that DSS has a higher chromium/ nickel equivalent ratio, and is therefore more liable to form ferrite at elevated temperatures.
The ferrite volume fraction in the TMAZ-RS was between 50 and 60% for all the FSW joints, with the exception of S32205. The characterization of the TMAZ-RS was complicated by the fact that there were no clear boundaries to define where it started and finished. Instead, there was a very subtle change from the SZ-RS to the BM, where the material received sufficient energy in the form of both heat and deformation to permit microstructural reformation. Large differences from the BM volume fraction were not expected and were not observed. The TMAZ-RS of S32205 was very similar to the SZ-RS (Table 5, Figure 11 ), where the main feature was an increase in the volume fraction of ferrite, promoted by the high temperature reached during the process. On the other hand, in the case of the TMAZ-AS, there was a clearly discernible interface with the SZ-AS, and the ferrite volume fraction was between 50 and 60%.
For all the DSS samples, the SZ-RS, SZ-center, and SZ-root regions showed microstructural characteristics that differed from those of the SZ-AS. A higher ferrite volume fraction was evident for S32101 DSS, followed by S32205 DSS and the two SDSSs. This behavior could be due to the thermal dispersion (peak temperature) in each of these regions, where the higher volume fraction of ferrite in S32101 could be explained by the higher chromium/nickel ratio, compared to S32205 and the SDSSs. In research employing an aluminum alloy (AA7075), Su and co-workers 47, 48 found that differences in dislocation density and grain size in all the regions of the SZ were due to differences in temperature, together with strains caused by the tool during the welding, which affected recrystallization and the grain growth process. Despite the clear differences among materials, it is expected that the effect of the tool on the temperature and the degree of strain should be the same for any joint made by FSW. Additionally, no deleterious phase precipitation in any of the materials was observed by optical microscopy and SEM. Previous studies of friction stir welding with SDSS UNS S32750 22, 40 and DSS UNS S32205 28,40,49 also found no detrimental secondary phase precipitation. In other work 50 , it was shown that during the thermal cycle of FSW joints, the temperature peak was lower, and the time spent at high temperature was shorter, compared to the CGHAZ (coarse grain heat affected zone) of UNS S32205 GTA welds. Figure 12 summarizes the grain size distributions in the stir zone, the TMAZ, and the base metal. The SZ showed the smallest grain sizes of all regions in all the FSW joints, due to the recrystallization that occurred during the process. The TMAZ-RS and TMAZ-AS showed smaller grain sizes and roughly the same lamella thickness, compared to the BM. No significant changes related to grain size distribution were observed in the TMAZ.
The austenitic grain size in the SZ was below 2 µm, indicating a high degree of grain refinement. The ferritic grain size distribution in the SZ is shown in greater detail in Figure 12 . The ferritic grain size diminished from the SZ-RS to the SZ-AS, with the SZ-AS showing more severe ferrite and austenite grain refinement in all the welded joints as shown in Figure 13 . The greater deformation at elevated temperature in the SZ-AS resulted in higher recrystallization potential and achievement of a refined and fully recrystallized microstructure. Although the SZ-RS and SZ-root regions showed higher ferrite volume fractions and larger grain sizes, it is important to highlight that the grain size and the lamella thickness were smaller than for BM. Additionally, the ferrite volume fraction was around 70% for DSS and 50% for SDSS, which indicates that FSW is a very promising welding technology for use with SDSS. Figure 14 shows the results of transverse tensile testing of the UNS S32101 (a), S32750 (b), and S32760 (c) joints. All the welded joints failed in the base metal. UNS S32205 was not tested due to the unavailability of samples of the size required according to the standard protocol. All the materials studied showed increases of yield strength (YS) and tensile strength (TS) in the presence of a joint, compared to the base metal. Nonetheless, it is important to highlight that the qualitative transverse tensile testing resulted in failures in the inhomogeneous samples (BM+welded joint).
Mechanical properties
Samples submitted to longitudinal mechanical tests (Figure 14d) showed increases in YS and TS of the welded joint, compared to the base metal (Table 7) 51,52 . Sato et al. 22 observed the same yield and tensile strengths for S32750 FSW joints, compared to the base metal, using transverse tensile tests. However, they reported lower elongation values. All the samples analyzed here showed increases in ductility, along with increases in YS and TS, as expected due to the overall reduction in grain size. Bent root samples indicated the consolidation of joints, with full penetration. Bent root samples of UNS S32101 are shown in Figures 14e and 14f , and the same behavior was observed for the other materials studied in this work. Additionally, radiographic examination did not reveal any internal defects in the joints. On the other hand, the S32760 joint showed a significant decrease in ductility. Some of the commonest problems in FSW are voids, joint line remnants, and incomplete penetration 21 In particular, complete penetration is an important aspect that is difficult to achieve when materials are welded at high temperature.
Some studies have been undertaken using FSW of DSS or SDSS 22, 49 , but few data are available concerning root penetration. In this study, consolidated welded joints with full penetration were produced by FSW. These joints presented significant increases in yield and tensile strength, as well as better ductility, with the exception of UNS S32760. In the case of UNS S32101, the FSW joints exhibited increases of 15% for YS and TS, and 23% for elongation. Moreover, S32750 showed increases of 36% for YS, 15% for TS, and an outstanding increase of 70% for elongation. The SDSS samples proved to be more capable of maintaining the proportion of ferrite, with a high degree of grain size refinement. The better results for SDSS could be attributed to a lower propensity to form ferrite, together with a uniform microstructure during FSW, which could be explained by the lower chromium/ nickel ratio of the material.
Some authors have claimed that a ferrite content between 35 and 60% is sufficient to ensure optimal weld properties during fusion welding 53, 54 . However, for practical applications, the acceptable ferrite content of the weld metal is in the range 30-70%. The high alloy content and the presence of a ferritic matrix renders DSS susceptible to embrittlement, and prolonged exposure to elevated temperatures results in the loss of mechanical and corrosion performance. High ferrite content was observed in the SZ and SZ-root regions of the UNS S32101 joint. Nevertheless, the mechanical properties of the joints were superior to those of the BM. Furthermore, deleterious phase precipitation was not observed in the DSS joints. Cooling rates measured during FSW of S32205 50 were higher than reported for GTAW of S32205 by Ramirez et al 55 . Furthermore, the time that the material remains at elevated temperatures is shorter in FSW, avoiding deleterious precipitation of phases such as sigma phase. Prevention of sigma phase formation from ferrite requires rapid cooling from 900 to 500 ºC 1 . It is known that the presence of deleterious phases in DSS and SDSS strongly compromises corrosion performance.
In fusion welding, the heat-affected zone (HAZ) is a critical region where loss of mechanical and corrosion-resistance performance can occur due to an unbalanced ratio between ferrite and austenite, with brittle detrimental phase precipitation. This is due to the high temperatures and cooling rates obtained during welding 56 . No HAZ was observed during FSW of the DSS and SDSS samples, which could be attributed to the thermo-mechanical processing during welding. The characteristics of the TMAZ-RS and TMAZ-AS regions were intermediate between those of the SZ and the BM. The grain size in the TMAZ was roughly similar to the thickness of the BM lamellae, and smaller than the BM grain size. The ferritic volume fraction was between 50 and 60%, in a narrower range than reported for conventional fusion welding. For all the materials studied, the SZ showed substantial refinement of the grain sizes of ferrite (~3.0 µm) and austenite (~1.0 µm). The size of austenitic grains was around 1.0 µm in all regions of the SZ (RS, root, and AS), for all the materials (S32101, S32205, S32750, and S32760). The ferritic grain size distributions through the SZ showed similar patterns for the samples, with larger grains for the SZ-RS (~5 µm) and a decrease to approximately 1.0 µm for the SZ-AS. Although the SZ-RS and SZ-root regions showed ferritic volume fractions up to 70% for the DSS samples, the mechanical properties of S32101 indicated good performance. For the SDSS samples, the ferritic volume fractions were between 50 and 60%, associated with a strongly refined microstructure and corroborating the excellent mechanical properties of these materials.
The microstructural characteristics of the DSS (S32101 and S32205) and SDSS (S32750 and S32760) welded joints included strong grain refinement in the SZ-AS, due to the higher degree of deformation that occurred in this region. There was complete dynamic recrystallization of the structure in the SZ-AS, while other regions (SZ-RS, SZ, and SZ-root) showed structures consisting of reformed austenite in a ferrite matrix. Additionally, austenite exhibited more refined equiaxed grains in the SZ-AS, supporting the occurrence of dynamic recrystallization. In the case of ferrite, the severe strain 57 resulted in a shift from dynamic recovery to a continuous dynamic recrystallization reformulation mechanism, even though austenite presents higher strain hardening and a greater driving force for recrystallization, compared to ferrite. Ferrite presented a strong grain refinement similar to austenite in the SZ-AS. These refined microstructures resulted in better mechanical performance of the FSW joints. The SDSS materials exhibited greater increases of YS and TS, compared to S32101, which could be explained by a greater capacity of SDSS to maintain the balanced dual phase microstructure. In addition, the overall grain size reduction contributed to the better mechanical performance of the SDSS FSW joints. The stronger grain refinement and higher mechanical performance were reflected in the FSW output parameters: the forces in the welding direction (F x ) for the SDSSs (6.73 and 7.38 kN) were almost twice as large as for the DSSs. In the case of the SDSSs, the FSW joint of S32760 presented higher F x (7.38 kN), compared to S32750 (6.73 kN), reflecting the decreased ductility of the S32760 welded joint. Both SDSSs are strongly modified with alloying elements, which makes them more prone to detrimental phase precipitation. Although precipitates were not found in the SEM analyses, it is likely that some precipitation could occur, especially in the case of the S32760 FSW joint, because of the large decrease in ductility. Corrosion performance and EBSD analyses are being carried out to investigate this possibility for S32760 welded joints. Although sigma phase was not detected in the microstructural characterization, the sodium hydroxide etch test (ASTM A 923), used to check for deleterious secondary phases (Test Method A), indicated an affected microstructure, while the ferrite chloride corrosion test (Test Method C) indicated a large weight loss 58 . Figure 15 shows the relationship between the chromium/ nickel equivalent ratio and the tool temperature during FSW. The recrystallization potential is intimately related to the chemical composition of the alloys, as is the adiabatic heating. A lower chromium/nickel equivalent ratio results in a higher recrystallization potential. Hence, DSSs with higher chromium/nickel equivalent ratios are less prone to recrystallization and they consume less energy during microstructural restoration, which is reflected in a higher tool temperature during FSW. Other grades of DSS are expected to show similar features.
Conclusions
Consolidated joints, with full penetration and absence of defects, were produced by friction stir welding. The joints provided increased yield and ultimate tensile strengths for UNS S32101, S32750, and S32760 steels, associated with strong grain refinement. The mechanical performance corroborated the improved mechanical properties for UNS S32101 and S32750.
Besides the transverse and spindle speeds, the axial force (or tool penetration) is an important parameter that needs to be considered in order to define the heat input, because it controls the contact area between the tool and the workpiece and influences the fluidity of the metal.
The behavior of the materials during FSW showed that the SDSSs, followed by UNS S32205 and S32101, were more capable of maintaining a balanced microstructure in the welded joint, which resulted in a better mechanical performance.
The grain refinement was similar for all the welded joints, indicating that FSW is not affected significantly by differences in the chemical composition of DSSs and SDSSs, which could be highly beneficial from a practical viewpoint.
The refinement of ferrite and austenite grains in the welded region was confirmed. The greatest reduction of grain size was observed in the stir zone, on the advancing side, and could be explained by the recrystallization of both phases (ferrite and austenite), promoted by the extreme deformation and high temperature. These conditions stimulated DDRX and CDRX, in the austenite and ferrite, respectively, where the recrystallization mechanisms were linked to the stacking fault energy of each phase.
The differences in the ferrite and austenite grain sizes in the SZ could be explained by the combination of constant dynamic recrystallization of austenite during the welding process and the recrystallization and growth of the ferrite grains, stimulated firstly by the severe deformation and secondly by the high temperature inherent to the FSW process.
Increased volume fractions of ferrite in the stir zones were associated with the peak temperatures in these regions. The maximum volume fraction of ferrite was obtained for S32101, due to its higher chromium/nickel ratio, followed by S32205 and the SDSSs.
